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Elaborate plumages and songs in male birds provide classic evidence for Darwinian
sexual selection. However, trait elaboration in birds is not gender-restricted: female
song has recently been revealed as a taxonomically-widespread trait within the
songbirds (oscine Passerines), prompting increased research into likely functions and
social/ecological correlates. Here we use phylogenetically-informed comparative analysis
to test for an evolutionary association between female song and plumage color
elaboration in songbirds. If there is an evolutionary trade-off between signaling modes,
we predict a negative correlation between acoustic and visual elaboration. This trade-off
hypothesis has been commonly proposed in males but has mixed empirical support.
Alternatively, if song and plumage have similar or overlapping functions and evolve under
similar selection pressures, we predict a positive correlation between female song and
female plumage elaboration. We use published data on female song for 1023 species of
songbirds and a novel approach that allows for the reliable and objective comparison of
color elaboration between species and genders. Our results reveal a significant positive
correlation between female colorfulness and female song presence. In species where
females sing, females (but not males) are on average more colorful—with concomitantly
reduced average sexual dichromatism. These results suggest that female plumage and
female song likely evolved together under similar selection pressures and that their
respective functions are reinforcing. We discuss the potential roles of sexual vs. social
selection in driving this relationship, and the implications for future research on female
signals.
Keywords: female song, multimodal signaling, oscine, Passeriformes, plumage coloration, trade-off, trait
correlation
INTRODUCTION
Elaborate male traits often provide evidence for classic sexual selection (Darwin, 1871), but the
possession of elaborate traits by females is less well understood. A traditional perspective holds
that female trait elaboration is non-adaptive, perhaps detrimental, and results from “shared genetic
architecture” with males (Darwin, 1871; Lande, 1980; see Tobias et al., 2012 for review). While
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current evidence does suggest that female ornamentation is
correlated with conspecific male ornamentation to some extent
(Bonduriansky and Chenoweth, 2009; Dale et al., 2015a) the view
that elaborate female traits are purely non-adaptive pleiotropic
effects has been strongly refuted by recent research.
Bird song and elaborate plumage are often considered costly
traits (Song: Oberweger and Goller, 2001; Nowicki et al., 2002;
Berg et al., 2005; Schmidt et al., 2013; but see Gil et al., 2006.
Plumage: McGraw et al., 2002; Walther and Clayton, 2005;
Simpson et al., 2015). In females, both traits can be evolutionarily
labile with respect to the conspecific male phenotype. First,
female plumage changes have played a greater role than male
changes in the evolution of dichromatism in New World
blackbirds (Icteridae; Irwin, 1994; Hofmann et al., 2008; Price and
Eaton, 2014), tanagers (Thraupidae, Burns, 1998) and fairy-wrens
(Maluridae, Johnson et al., 2013) and this pattern was shown
to hold true for the order Passeriformes as a whole (Dale et al.,
2015a).
Second, female song has been recovered as the ancestral
condition of songbirds (Odom et al., 2014), indicating that
multiple losses of female song have occurred over evolutionary
time despite conspecific males retaining the trait (Price, 2015).
This shows that female traits are not necessarily tightly
constrained by the male phenotype, but are able to evolve rapidly
and independently.
Furthermore, female-specific functions of song and plumage
ornamentation have been resolved for a growing number of
species, revealing these traits to be potentially adaptive for
females. For instance, female song has been shown to function
in territory and resource defense, mate attraction, mate defense,
and pair-bonding (Searcy and Yasukawa, 1995; Langmore et al.,
1996; Rogers et al., 2007; Brunton et al., 2008; Templeton et al.,
2011; Hall et al., 2015). Female coloration is attractive to mates
in some species (Amundsen et al., 1997; Smiseth and Amundsen,
2000; Murphy et al., 2009a,b) and frequently has roles in female-
female competition for non-sexual breeding resources (Tobias
et al., 2012; Morales et al., 2014).
If elaborated female traits are adaptive, this raises the question:
what is the evolutionary relationship between female song
and plumage color elaboration? We outline three hypotheses
regarding the evolution of multiple elaborate traits: the traits may
evolve “in a concerted fashion, in an antagonistic fashion, or in
ways unrelated to each other” (Shutler and Weatherhead, 1990).
In our context, these options are detailed as follows:
(i) The “trade-off” hypothesis (Darwin, 1871) argues that if two
modes of signaling are both costly to produce or maintain,
then selection might favor doing one thing well rather than
two things badly. This predicts an evolutionary trade-off
(an inverse correlation) between signaling modes (Shutler
and Weatherhead, 1990). Thus, species with female song
are predicted to have less colorful females on average than
species lacking female song.
(ii) The “reinforcing signals” hypothesis (inspired by
the “redundant signal” hypothesis of Møller and
Pomiankowski, 1993) proposes that the two ornamental
traits have overlapping, reinforcing functions, acting in
concert to convey the condition or status of the signaler.
Whereas either trait on its own provides a partial indication
of signaler condition or status, in combination the multiple
ornaments enable a more accurate assessment by rivals or
mates. This predicts a co-evolution of the two traits; that
is, a positive correlation between song and plumage color
elaboration in females. Thus, species with female song are
predicted to have more colorful females on average than
species lacking female song.
(iii) The “multiple messages” hypothesis (adapted from Møller
and Pomiankowski, 1993) posits that the two traits reveal
different information about their bearers. This implies that
the characters are driven by different selective pressures, and
therefore elaborate vocal and visual sexual signals should
evolve independently. Thus, there should be no difference in
female color elaboration between species with female song,
and those without female song.
Current evidence is inconclusive regarding the three hypotheses.
In line with the trade-off hypothesis, an inverse relationship
has been found between male plumage brightness and song
complexity in cardueline finches (Badyaev et al., 2002). But
in support of the reinforcing signals hypothesis, a positive
correlation has been found between song length and number
of colored patches among Asian barbets (Gonzalez-Voyer
et al., 2013), and a positive correlation between the degree of
dichromatism and time spent singing among wood warblers
(Shutler and Weatherhead, 1990). Finally, Ornelas et al.
(2009) found no relationship between dichromatism and
song complexity among trogons, and Mason et al. (2014)
found no correlation between song and plumage complexity
among the tanagers. These conflicting results likely reflect
biological and evolutionary differences among focal taxa, as
well as methodological differences in how song and plumage
were quantified (Mason et al., 2014). Furthermore, all these
studies focus on males. The possibility of a generalized
macroevolutionary association between multiple ornamental
traits in females has not yet been investigated.
In this study we test for an evolutionary correlation
between female song and plumage elaboration (male, female
and dichromatism) across the songbirds (i.e., Oscines; order
Passeriformes, suborder Passeri). We perform phylogenetically-
informed comparative analysis using song and plumage data
from repositories supplemented with additional data gleaned
from the literature.
METHODS
Scoring Female Song
We compiled data describing the presence or absence of song in
male and female songbirds (Oscines) from Odom et al. (2014)
and del Hoyo et al. (2004–2011).We gave each species one of four
scores according to the criteria of Odom et al. (2014, full details
therein). Scores included: “present,” both males and females of
the species sing; “absent,” only the male sings; “songless,” neither
sex sings; or “not enough information” if we could not reliably
make a designation. (Note that no species where only females
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sing has been described.) Out of all 4814 songbird species, 1314
had sufficient information on song to reliably score the species.
Because the lack of female song in songless species might be the
product of different selection pressures than in species with male
song, we omitted songless species (291 species) from our analysis.
Our final species pool included 1023 singing species comprised of
656 species where both sexes sing (64%), and 367 species where
only males sing (36%).
Scoring Plumage Elaboration
Plumage color scores for the 1023 songbird species were obtained
from Dale et al. (2015b). Briefly, for both sexes of each species
of passerine (Order: Passeriformes), the mean red, green and
blue (RGB) values on 3 dorsal and 3 ventral patches were
measured using digital image processing software (Valcu and
Dale, 2013) on scanned images from handbook plates. For
each patch of each sex of each species, it was determined how
“male-like” that patch is by scoring the proportion of males in
the nearest 1% of similarly colored patches in other species.
The method results in scores where low values correspond to
males or females with drab, classically-“female-like” plumage,
and high scores correspond to males or females with elaborate,
classically-“male-like” plumage. This approach is transferable to
other color quantification methods. There is a high correlation
between scores determined with handbook plates vs. analogous
scores determined with UV-VIS (ultraviolet to visible) reflectance
spectra from museum specimens (Dale et al., 2015a). This result
provides critical validation of the method because although
human and avian vision have considerable overlap (Badyaev and
Hill, 2003; Seddon et al., 2010), birds can also see UV light not
visible to humans (Cuthill, 2006). See Dale et al. (2015a) for
detailed methodology. Sexual dichromatism was calculated for
each species as the male plumage color score minus the female
plumage score.
Trait Correlation Test
To test for an evolutionary correlation between female song
and female plumage elaboration, we first performed Pagel’s
correlation test (Pagel, 1994), in R 3.1.2 (R Development Core
Team, 2014) using the “geiger” and “phytools” packages (Harmon
et al., 2008; Revell, 2012). The Pagel test controls for phylogenetic
relatedness and requires no designation of independent and
response variables. We assigned a song character state and a
plumage character state to each tip of a phylogeny, and tested the
null hypothesis that the two traits had evolved independently. As
the Pagel test requires both traits to be binary, plumage scores
were binned into binary characters according to an arbitrary cut-
off, which was moved in integer increments from 35 (1022 of
1023 species with female plumage elaboration present) to 71 (1
of 1023 species), to study the sensitivity of the correlation test
to changes in plumage cutoff value. The phylogenies used for this
analysis were obtained from the Hackett backbone (Hackett et al.,
2008) supertrees at http://birdtree.org (Jetz et al., 2012).
MCMCglmm Analysis
To estimate the strength of the correlation between female song
presence and female plumage elaboration, we fit a multivariate
generalized linear mixed model using the “MCMCglmm”
package (Monte Carlo Markov Chain generalized linear mixed
model; Hadfield, 2010) in R (version 3.1.2). MCMCglmm allowed
us to fit a model which had a response vector that contained
a mixture of Gaussian and non-Gaussian distributed variables.
Female plumage elaboration is a continuous measure (see above);
hence we assumed a Gaussian error distribution. For female
song, the response vector contained binary presence scores (0
= female song absent, and 1 = female song present) and
accordingly we assumed a Bernouli error distribution and used
a logit link function. Fixed effects in our model included female
plumage elaboration, the presence of female song, and male
plumage elaboration as a covariate. Phylogeny was fit as a
random effect using the methods described in Hadfield and
Nakagawa (2010) to calculate the inverse numerator relationship
for phylogenetic effects. For the phylogenetic effects we also
allowed separate random intercepts for female song and female
plumage elaboration and a non-zero covariance between these
two traits by assuming an unstructured variance-covariance
structure.
Priors for the location effects were diffuse about zero and
had a large variance (108). For the variance components we
used priors conforming to a scaled non-central F-distribution
(Gelman, 2006) with the location parameter equal to zero. The
scale parameter for female color elaboration was equal to half
of the phenotypic variation in female color elaboration, and for
female song the scale parameter was equal to p(1 − p), where
p is the mean probability of female song across the dataset.
For the residual covariance matrix we assumed an inverse-
Wishart distributed prior for female coloration. For female
song (which is a binary trait), it is not possible to estimate a
residual variance, so we fixed the prior at a value of 1 (Hadfield,
2014). The MCMC chain had 20,600,000 iterations, with a burn-
in of 600,000 and a thinning interval of 20,000, resulting in
∼1000 samples of the posterior distribution of the parameters.
Model fit was confirmed by ensuring that autocorrelation was
low and the trait means lay within the 95% highest posterior
density (HPD) intervals of the posterior predictive distribution
of each trait. To incorporate some of the uncertainty in the
phylogenetic relationships among bird species, we applied the
statistical model described above to 10 different phylogenetic
trees randomly selected from http://birdtree.org (Jetz et al.,
2012). Finally, we examined the convergence of the phylogenetic
variances and covariances estimated from the 10 models (each
using different trees, and therefore with different numerator
relationship matrices for the phylogenetic effects), with the
Gelman and Rubin (1992) diagnostic, R. For these 10 trees, the
point estimate was R = 1.2 indicating moderate convergence.
This phylogenetic uncertainly is incorporated in all the estimates
of the posterior means and the HPD intervals we present.
To assess the significance of the phylogenetic correlation
between female song (FS) and female plumage elaboration (FP),
we first calculated the posterior distribution of the correlation
using cor(FS, FP) = cov(FS, FP) ÷ (varFS × varFP)
0.5
If the 95% HPD intervals of the posterior distribution of
the correlation did not overlap zero, we interpreted this as
evidence for a significant phylogenetic correlation between
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female plumage elaboration and female song. Similarly, to assess
the significance of the association betweenmale color elaboration
and our two female traits, we tested whether the 95% HPD
intervals of the fixed interactions between male plumage and
female plumage elaboration, as well as betweenmale plumage and
female song, overlapped zero.
RESULTS
Female Song in Relation to Plumage Color
Elaboration
For many species in our sample, males and females have similar
plumage elaboration scores (Figure 1A, points lying along the
diagonal). However, there are also many sexually dichromatic
species where the male is more colorful and the female is more
drab (Figure 1A, points in the upper left of the distribution).
Overlaying the density of female song presence on this plumage
elaboration scatter (Figure 1B) reveals that female song presence
is most concentrated amongst species with high female plumage
scores and reduced average sexual dichromatism.
Phylogenetic Distribution
The phylogenetic distribution of the co-occurrence of female
elaboration traits is visualized in Figure 2, where color-coded
species tips correspond to the presence/absence of female song
and female plumage elaboration. Instances where both traits co-
occur (257 species, 25% of the total sample) are not concentrated
within one or a few clades but are dispersed throughout the tree,
suggesting many separate origins of the co-evolution of these
traits (Figure 2). Wide phylogenetic dispersion persists when
higher plumage elaboration cutoff values or different trees from
Jetz et al. (2012) are used. Also numerous and widely dispersed
around the tree are species with only one trait or the other: female
song but not female plumage elaboration (399 species, 39% of the
total sample); female plumage elaboration but not female song
(72 species, 7% of the total sample), and neither trait present (295
species, 29% of the total sample).
Pagel Correlation Test
The Pagel test provides strong support for correlated evolution
of female song presence and female plumage elaboration for all
plumage cut-off values between 41 and 54 (Figure 3, P < 0.0001).
This is a large range by comparison to the entire range of female
plumage scores (35–71), and even at a cut-off as high as 60, the
correlation is still statistically significant at the 5% level. The
presence of an evolutionary association between female song and
female color elaboration is therefore highly robust to alternative
cut-off values used to categorize female coloration as elaborated.
MCMCglmm
Despite the phylogenetic uncertainty introduced by using 10
randomly selected phylogenetic trees from Jetz et al. (2012), we
found a strongly significant evolutionary correlation between
female plumage elaboration and the presence of female song
(Figure 4, mean cor(FS, FP) = 0.402, 95% HPD = 0.220–0.583).
Accounting for evolutionary relationships among bird species
we found that male and female color elaboration were positively
associated (posterior mean = 0.472, 95% HPD = 0.422–0.527),
confirming the apparent pattern seen in Figure 1. In addition
there was a positive, but not statistically significant, relationship
between the degree of male color elaboration and the presence
of female song (posterior mean = 0.044, 95% HPD = −0.014–
0.102).
DISCUSSION
We used phylogenetically-informed analysis to reveal the
relationship between female song presence and plumage
elaboration across the songbirds. Our study shows that (1) female
song is more concentrated amongst species with elaborated
(classically “male-like”) female plumage, (2) the co-occurrence of
female song and female plumage elaboration is widely dispersed
across the songbird phylogeny, suggesting many independent
origins of this evolutionary association, (3) Pagel correlation
tests demonstrate clear support for an evolutionary correlation
between female song and female plumage color elaboration, and
FIGURE 1 | (A) Male plumage score vs. female plumage score for each species (N = 1023). (B) Contour map depicting the average of the (scaled) female song
values overlaid within the 99.8% volume contour of the male vs. female plumage score distribution. Values within the plot were calculated by superimposing a 50 × 50
grid over the scatter occurring between 30 and 80 and then calculating at each grid point the mean female song scores of the closest 3% of species. The units
represent standard deviations away from the mean incidence of song, with redder values indicating increasingly higher occurrence of female song.
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FIGURE 2 | Phylogenetic distribution of female song and female
plumage elaboration. Plumage elaboration is here treated as a binary
character with cutoff = plumage score of 50. Red labels represent species
where female song and female plumage elaboration (plumage score >50)
co-occur. The inner ring of alternating gray tones depicts boundaries of the 86
oscine families in our sample.
(4) estimates fromMCMCglmmmodels suggest that the presence
of female song accounts for 16.2% (R = 0.402) of the variation in
female plumage elaboration (and vice versa).
Mason et al. (2014) provided the largest comparative study
of multimodal sexual signaling to date, finding no relationship
between plumage elaboration and song elaboration across the
males of 301 tanager species (Thraupidae). In contrast, our
results show a clear positive relationship between female song
and female plumage color elaboration across the songbirds. The
difference between our results and those of Mason et al. could
stem from a number of factors. First, Mason et al. consider only
male elaboration. The selective pressures acting on males and
females are not necessarily equivalent, and so female traits may
exhibit a different relationship to each other than do male traits
(Tobias et al., 2012). Second, we use different methods of scoring
song and plumage elaboration; notably, the song data of Mason
et al. are quantitative, whereas our data are presence/absence.
Finally, there are differences in scale between our studies. The
presence of negative or non-significant relationships within some
families such as the Thraupidae does not preclude a positive
correlation at the broader taxonomic level of the songbirds as
a whole. These considerations apply equally to other studies of
multimodal signaling which find a negative relationship or no
relationship between song and plumage (Badyaev et al., 2002;
Ornelas et al., 2009).
FIGURE 3 | Pagel correlation test P-values (Pagel, 1994) at all possible
plumage elaboration cutoff values, for each of 50 phylogenetic trees
from http://birdtree.org (Jetz et al., 2012). The black line indicates the
mean of the 50 runs (red lines). Evidence of correlated evolution is strong
(<0.0001) for all plumage cut-off values between 41 and 54.
FIGURE 4 | Plot of best linear unbiased predictions of the phylogenetic
association between female song and female plumage color
elaboration. Points indicate the predicted phylogenetic deviations of each
species (i.e., the 1023 species tips within the pruned phylogenetic tree) for the
two female display traits, and solid line denotes the posterior mean
phylogenetic correlation between female song with female plumage.
Our results are most consistent with the “reinforcing signals”
hypothesis; a positive correlation between female song and
female plumage elaboration is expected if the two signaling
modes tend to have reinforcing, overlapping functions, and
thus have co-evolved together in response to similar selective
pressures. Females may use song and plumage as a multimodal
signal to reinforce the reliability and/or potency of the message
to receivers.
A central tenet of sexual selection theory is that males and
females often differ in their routes to reproductive success;
for males, competition for mates is paramount, whereas for
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females, access to resources that affect fecundity is thought
to be of greater importance (Rosvall, 2011). Therefore, the
primary selection operating on females is likely to be non-
sexual “social selection” for ecological or social resources,
such as foraging territories, nest sites and paternal investment
(West-Eberhard, 1979, 1983; Tobias et al., 2012). Such a view
would suggest that a key function of both female song and
plumage color elaboration may be signaling the female status
(or resource-holding potential: Searcy and Nowicki, 2005)
to competitive rivals, a prediction that is borne out in a
number of studies (Tobias et al., 2012). This is not to deny
that sexual selection for elaborate female traits may also be
important (Clutton-Brock, 2007; Rosvall, 2011; Clutton-Brock
and Huchard, 2013); indeed, the same ornaments can perform
both sexual and (non-sexual) social functions (Kraaijeveld et al.,
2004).
The co-occurrence of both visual and acoustic indicators
of status (or resource-holding potential) likely reinforces the
overall message and facilitates effective communication under
different signaling scenarios. Song can be communicated over
longer distances, without a clear line of sight; and as sound
is propagated radially (Fahy and Gardonio, 2007), vocal
communication does not depend on precise directionality of
the signaler in relation to the receiver. Song is amenable to
rapid temporal changes, conveying the short-term intentions
of the individual and encoding complex information about
signaler identity. Plumage coloration, by contrast, is a more
permanent feature (though birds may be able to mediate
plumage display behaviorally). In general, plumage coloration is
a more direction-sensitive close-range signal than song. Thus,
to signal quality and ward off rivals, selection could favor song
for long-range broadcasting and plumage elaboration for close
encounters, even if the message and intended receiver are the
same.
If differing signaling scenarios promote female song or
plumage elaboration differentially, this might explain the many
species in our sample with only one trait or the other. Given
that 16.2% of variation in female plumage elaboration is
explained by female song presence (and vice versa), a remaining
83.8% of variation in each trait is thus attributable to other
factors. That is, the relationship between female song and
female plumage elaboration is complex and likely mediated
by additional effects of, for example, habitat type, predation
risk, territory size, and social structure. Closed habitat might
strongly favor female song for effective communication if the
range and efficacy of visual signaling is impaired. Or, for
species experiencing high predation, elaborate female plumage
may impose too great a risk around the nest (Martin and
Badyaev, 1996) and be selected against. Or, in colony-living
species where individuals remain in close proximity, close-
range visual signaling may be sufficient for female signaling
needs, making female song redundant. In short, there is much
work left to do in identifying and quantifying the factors
that contribute to visual and acoustic ornamentation in female
songbirds.
If song and elaborate plumage are both costly (e.g., Oberweger
and Goller, 2001; McGraw et al., 2002), as expected if the
signals are “honest” indicators of aspects of female quality,
then why have we not observed a trade-off between signaling
modes? There are a number of potential explanations. First,
while our results demonstrate that presence of female song
does not trade off with female plumage elaboration, we lack
information on the degree of female song elaboration (e.g., in
terms of repertoire size, vocal agility, and time spent singing)
and thus we cannot evaluate whether there is some degree
of trade-off of resource allocation between modes. As more
studies focus on quantifying the vocal performance of female
birds, addressing whether singing females with bright plumage
have “cheaper” songs than those with drab plumage will be
practicable. It is also conceivable that when comparing across
species, trade-offs might not manifest if different species are
selected to invest different levels of resources into the overall
message.
Another possibility is that resources involved in song and
plumage development are not limiting for species where status
signaling is strongly favored by selection. Rather than functioning
as condition-dependent indices or handicaps, the honesty of
these signals may instead be socially enforced, with cheaters
(i.e., individuals who signal having greater status than they
actually have) being punished through increased aggression
by conspecifics (Tibbetts and Dale, 2004; Tibbetts and Izzo,
2010). The social cost in such cases will depend on how
accurately the signal reflects true quality of the individual,
rather than the number of ornaments involved in the signal
per se. That is, under social costs, female song and plumage
elaboration may be no more costly to produce than either trait
alone, in which case we would not expect a trade-off between
traits.
CONCLUSION AND FUTURE DIRECTIONS
We have demonstrated strong evidence for a positive co-
evolutionary relationship between plumage elaboration and song
in female songbirds, a result which supports an overlapping
function of the two traits (i.e., the reinforcing signals hypothesis).
We have suggested, in light of current selection theory (Tobias
et al., 2012), that the primary context for this multimodal
signaling is non-sexual social competition for ecological or social
resources, and that the different signaling ranges of plumage and
song may have favored the evolutionary maintenance of both
traits. Our finding raises several questions for future research,
including: (1) Does this pattern hold for the sub-oscines? Though
generally poorer singers than the songbirds, and lacking vocal
learning (but see Kroodsma et al., 2013), many sub-oscines
vocalize for mate attraction and territorial defense (Chelén et al.,
2005) and thus may be subject to similar evolutionary pressures.
(2) Are female ornaments gained and lost more frequently than
male ornaments (Kraaijeveld, 2014) and is there a consistent
order of female trait evolution? That is, do gains (or losses) of
song follow gains (or losses) in plumage elaboration, or vice
versa? And (3), what are the social and ecological drivers of
the evolutionary association of female song and female plumage
elaboration? It is our hope that the patterns reported in this study
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contribute to future research on the functions of both visual and
acoustic ornamentation in females.
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